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Label-free detection of live cancer cells and DNA hybridization using 3D multilayered plasmonic biosensor 
Introduction
Quantitative and rapid detection of live cancer cells and DNA hybridization are critical aspects of cancer diagnosis, gene mutation, food safety, and environment protection. Traditional methods for disease detection such as cell viability array [1] , polymerase chain reaction [2] , and enzyme-linked immunosorbent array [3] entail fluorescent labeling require long preparation time, steps, and highly trained technicians. Magnetic particles coated with synthesized nanostructured gold (Au) were used to detect DNA hybridization by surface enhanced Raman spectroscopy. However, large sample volume of 100 μl was required to detect DNA hybridization and the detection sensitivity was limited to 2.5×10 −7 M [4] . Because of these requirements, they are not suitable for point of care (POC) devices, which should be inexpensive, portable, label-free, require small sample volume, and are capable of rapid diagnosis in real-time measurements with high sensitivity. The development of POC devices is a promising solution for home care system with improved patient survival and health delivery efficiency. Integration of microfluidic technology with various detection methods such as optical [5, 6] , electrochemical [7] , and mechanical [8] transduction have been employed for miniaturized POC devices. Among these detection methods, localized surface plasmon resonance (LSPR)-based optical biosensors have shown significant advantages of being fast, highly sensitive, simple, and providing high signal-to-noise ratio [9] .
LSPR occurs when the collective oscillation of free electrons in noble metal nanoparticles (NPs) is resonant with the incident light frequency, resulting in strongly confined surface plasmons (SPs) on the surface of NPs. The extremely intense localized SPs are highly sensitive to analyte binding interactions, such as small molecules, ligand-receptor binding, DNA hybridization, and DNA-protein interactions on the NP surface because these bindings change the permittivity of the dielectric around the surface and the resonance frequency of the localized SPs by increasing the dielectric screening and reducing the restoring force for collective electronic oscillations [10] . Colloidal Au nanorods at 0.5 nM could detect 0.01 IU ml −1 hepatitis B surface antigen with a peak redshift of 6 nm [11] . 500 nm diameter Au NPs could detect 120 μl retinal pigment epithelium cells at a concentration range of 10 4 -10 6 cell ml −1 [12] .
Au colloidal solution and Au NPs on glass are the most commonly used LSPR biosensors [13] . The Au colloidal solution is easy to synthesize, but its sensitivity is low and not applicable for device miniaturization [14] . In contrast, chipbased Au NP is easier to be integrated with other components and is a promising candidate for use as a miniaturized POC device [15] . The LSPR spectra of chip-based Au NPs depend on its material, size, geometry, distribution, and effective refractive index (RI) in the surrounding area [16] . Most researchers focus on changing the two-dimensional (2D) NP shapes such as dots, holes, rings, and asymmetric split-ring. For these 2D plasmonic nanostructures, their plasmon modes only originate from the coupling between adjacent structures in the x-y plane, thus limiting their plasmon modes and sensitivities. Quasi three-dimensional (3D) plasmonic nanostructures could provide multiple plasmonic modes and improve the sensitivity from the hybrid coupling effect of two different plasmonic layers, that is, Au nanostructures on the top and bottom. However, the most sensitive plasmon mode of quasi-3D plasmonic nanostructures occurs at wavelengths above 1000 nm, which falls into the light absorbance range of water and is unsuitable for live cell detection. Bloch wave SP polariton creates the plasmon mode at lower wavelength with a maximum sensitivity of up to 100 nm/refractive index unit (RIU), therefore limiting their application for cell detection at low concentration [17, 18] . 3D self-assembly of multilayered Au nanorods show higher electromagnetic (EM) field intensity and sensitivity than single layer Au nanorods and could detect malachite green at a concentration down to 1×10 −10 M. However, the uniformity and reproducibility of self-assembly multilayered Au nanorods were low and difficult to control [19] . Au-titanium dioxide-Au plasmonic nanocup array was demonstrated to detect carcinoembryonic antigen with detection limit down to 10 ng ml −1 . This sensing mechanism was based on changes of transmission intensity, which is not as reliable for accurate analysis compared to detecting resonance peak shifts [20] . To address these issues and detect live cells with high sensitivity, 3D multilayered plasmonic nanostructures were proposed, which consist of Au nanosquares on top of SU-8 nanopillars, Au asymmetrical nanostructures in the middle, and Au asymmetrical nanoholes at the bottom to generate multiple plasmon modes with high sensitivity in the visible and near-infrared regions. To the best of our knowledge, our study is the first to report the 3D multilayered plasmonic nanostructures with Au layers on the top, middle, and bottom and the application on detecting live cancer cells and DNA hybridization with high sensitivity.
The 3D multilayered plasmonic nanostructures were fabricated by reversal nanoimprint lithography (RNIL) with simultaneous thermal and ultraviolet (UV) (STU) exposure. In contrast to a typical nanoimprint process, UV exposure was first applied to crosslink the top SU-8 resist and released from the stamp to stack on the bottom SU-8 nanopillars to achieve two layers of nanopillars. RNIL is a high throughput and lowcost technology for fabricating 3D structures with high uniformity over large area and is more suitable for producing biosensors with 3D structures compared to other techniques such as focused ion beam, electron beam lithography, or atomic force microscopy. Typically, to fabricate 3D nanostructures over 1 cm 2 , focus ion beam or electron beam lithography will take many days to complete the direct write patterning. However, reversal nanoimprint technology allows the same patterning to be finished in just a few minutes. The cost of the equipment for nanoimprint is usually more than 10 times lower than systems for focus ion beam or electron beam lithography. The 3D multilayered plasmonic nanostructures integrated with polydimethylsiloxane (PDMS) microfluidic channels could be used to detect live lung cancer A549 cells at a concentration of 5×10 3 cell ml −1 and sample volume of 2 μl with a peak redshift of 4 nm. The 3D multilayered plasmonic nanostructures were also useful for detecting DNA hybridization with high sensitivity because of their large plasmonic sensor area and multiple resonance modes that resulted from hybrid plasmonic coupling of top Au nanosquares, middle Au asymmetrical nanostructures, and bottom Au asymmetrical nanoholes.
Recently, the detection limit for DNA hybridization on Au nanodisks with 120 nm diameter has been reported to be 10 −9 M with a peak shift of 0.18 nm [21] . Higher detection sensitivity with larger peak shift of 3.1 nm have been demonstrated on Au nanorings as a result of EM field enhancement in both the inside and outside of the ring structures from the dipolar resonance mode [22] . Anisotropic NPs with sharp tips and large aspect ratio can further improve the sensitivity by concentrating the localized SPs on the sharp tips, resulting in a peak shift of 35 nm for 10 −6 M of the complementary DNA target [23] . Additionally, several methods amplify the sensitivity by using complementary DNA as a linker for binding of proteins and particles after hybridization. For instance, DNA label with Au nanorods and nanostars could improve the detection limit to 2×10 −10 M DNA hybridization with a peak shift of 0.35 nm [24] . The combination of DNA-linked avidin-tagged glucose oxide and silver (Ag) particle etching process could detect the complementary DNA target as low as 10 −14 M with a peak shift of 2.5 nm [25] . However, this amplification method needs an extra binding process and immersion in acid for Ag particle etching, making the detection process more complicated and time consuming. Ag particles show higher sensitivity than Au particles due to its low imaginary dielectric constant, but they may not suitable to be used as plasmonic biosensors because of the oxidation and degradation [26] . In our study, the 3D multilayered plasmonic biosensor detected DNA hybridization without binding extra particles for signal amplification, and the detection range for DNA hybridization was 10 −14 -10 −7 M of the complementary DNA target. A large peak shift of 82 nm occurred from capturing 10 −7 M of the complementary DNA target. Therefore, the 3D multilayered plasmonic nanostructures fabricated by RNIL are high performance biosensors for detecting live cancer cells at low concentrations with large peak shift and DNA hybridization with high sensitivity. Figure 1 shows the fabrication process of the 3D multilayered plasmonic nanostructures by stacking SU-8 nanopillars with offset. Intermediate polymer stamp (IPS) with 280 nm wide, 535 nm pitch, and 500 nm deep nanoholes was used for RNIL. Fabrication details of the IPS soft stamp and SU-8 nanopillars on glass were described in our previous paper [18] . As shown in figure 1, IPS was first treated with trichloro-(1H, 1H, 2H, 2H-perfluorooctyl) silane (PFOTS) (Sigma-Aldrich, 97%) for 20 min at 80°C, followed by spincoating SU-8 photoresist without crosslinking. Before the RNIL was conducted, the SU-8 nanopillar-imprinted glass was treated with an O 2 plasma to increase the SU-8 surface energy from 25.1 to 70.3 mN m −1 , as shown in figure 1 . The surface energy of IPS with PFOTS treatment was 23.7 mN m −1 , which was much lower than 70.3 mN m −1 for nanopillars on glass to make sure that top SU-8 nanopillars could successfully transfer from IPS onto the bottom SU-8 nanopillars. The surface energy was measured by contact angle measurements with Owens calculation (DropMeter TM Standard A-100, Ningbo, China). In contrast to typical STU process, UV exposure for 10 s at 45°C and 5 bar was first applied to crosslink the top SU-8, followed by imprinting at 80°C and 40 bar for 120 s. After RNIL, the IPS stamp was demolded at 20°C, and the 3D multilayered nanostructures with residual layer were formed and hard-baked at 150°C for 10 min to achieve good adhesion and mechanical properties of the layers of SU-8 nanopillars. 3D multilayered nanostructures could be generated by removing the residual SU-8 layer using O 2 /SF 6 reactive ion etching (RIE) with 20/2 sccm flow rates, 20 mTorr pressure, and 100 W rf power. Finally, 2 nm chromium (Cr) and 30 nm Au films were thermally evaporated on the 3D multilayered nanostructures to form three different plasmonic layers, which consisted of top Au nanosquares, middle Au asymmetrical nanostructures, and bottom Au asymmetrical nanoholes.
Experiment and methods
Fabrication process of 3D multilayered plasmonic nanostructures
Measurement of refractive index sensitivity (RIS)
Optical measurements were done in a UV-visible spectrophotometer (UV-1700, Shimadzu, Japan). A normal incident light source under a wavelength range of 450-1100 nm was used to illuminate the 3D multilayered plasmonic nanostructures. The RIS of the 3D plasmonic sensors were measured by immersing the plasmonic nanostructures in certified RI liquids (Cargille Laboratories, NJ, USA) with RI of 1.305, 1.404, and 1.504.
Fabrication process of microfluidic chip
The microfluidic channel, having dimensions of 80 mm long, 60 mm wide, inlet and outlet diameter of 2 mm, and 30 μm high, was fabricated in PDMS. A silicon (Si) stamp was first fabricated by photolithography and etched by deep RIE. The Si stamp was then treated by PFOTS to form an anti-stiction layer. Liquid PDMS (Dow Corning Sylgard 184) was casted on the Si stamp and cured on a hot plate at 80°C for 6 h. The PDMS microfluidic platform was then peeled off from the Si stamp, and the inlet and outlet holes were punched with a 0.5 mm biopsy punch. The surface of PDMS microfluidic platform and glass containing the 3D multilayered plasmonic nanostructures were treated with an O 2 plasma at 250 mTorr, 5 sccm, 80 W, and 30 s. Then the PDMS microfluidic platform was aligned and bonded on the glass substrate containing the 3D multilayered plasmonic nanostructures. After bonding, sterile phosphate buffered saline solution was immediately injected into the microfluidic device to maintain hydrophilicity of the PDMS microfluidic channel.
Cell culture and immobilization
An O 2 plasma was used to treat the surface of the 3D multilayered plasmonic biosensors to make them hydrophilic and cell-adhesive [27] . This allowed A549 live cancer cell to adhere on the surface of the plasmonic nanostructures and be detected by the optical measurements without antibody binding. The 3D structures also promoted cell adhesion due to their increased surface area [28] . Microfluidic chip was first sterilized under UV treatment for 30 min, and the channel was washed thrice with Dulbecco's modified eagle's medium (DMEM) with 10% fetal bovine serum (Invitrogen, CA, USA). Live lung cancer A549 cells were added to calcein AM (Life technology) at concentration of 4 μg ml −1 for 30 min for fluorescence labeling and washed thrice with DMEM. A549 cells at different concentration in 2 μl of DMEM were loaded into the microfluidic channels, and live cell concentration was detected optically using a Nikon eclipse Ni-E upright fluorescence microscopy. The A549 cells was immobilized on the hydrophilic surface of the 3D nanostructures at 37°C with 5% carbon dioxide for 4 h.
Immobilization of DNA probe and hybridization with complementary DNA target
The 3D multilayered plasmonic nanostructures were washed thrice with MilliQ water and air dried at room temperature. After washing and air-drying, 10 −6 M thiol-modified DNA probe (5′-ACT CAT CAC CCT CCA AAC AAC AAT AAT CCT-SH-3′) in H 2 O (30 μl) was added to the surface of the 3D structures at room temperature for 30 min. The thiol group would react with Au atoms at room temperature and bind to the surface covalently to form a self-assembled monolayer [29] . H 2 O and 1% bovine serum albumin were used to wash the device. 10 μl of complementary DNA target (5′-AGG ATT ATT GTT GTT TGG AGG GTG ATG AGT AGT ATG TGG AGG TTA GGT GGA-3′) or non-complementary DNA (5′-CAA AAA CAA AAA CAA AAA CAA AAA-3′) were injected into the device, followed by 1 h incubation at 37°C for hybridization, washing with 1 ml MilliQ water, and air-drying. No concentration enrichment was used for DNA hybridization detection. The molecular weight of the thiol-modified DNA probe, complementary DNA target and non-complementary DNA were 9188, 7359, and 16 101.5 g mol −1 respectively. DNA oligonucleotides were purchased from Shanghai Sangon Biological Engineering Technology and Service Co., Ltd (Shanghai, China) and purified using high performance liquid chromatography.
Imaging using scanning electron microscopy
The 3D multilayered plasmonic nanostructures were observed under a scanning electron microscope (SEM) (XL30 ESEM-FEG, Philips Electronics, Netherlands), after thermal evaporation of 2/30 nm Cr/Au films. ImageJ software (NIH, MD, USA) was used to compute the offset between the top and bottom SU-8 nanopillars of the 3D multilayered plasmonic nanostructures.
Numerical calculations by finite difference time domain (FDTD) method
The FDTD method based on Lumerical FDTD solutions (Vancouver, Canada) was employed to investigate the normalized extinction spectra and EM field distribution of 2D, quasi-3D, and 3D multilayered plasmonic nanostructures. The simulation region was 9 μm 2 in the x-y plane, and a plane wave with wavelength of 400-1200 nm and polarization along horizontal direction was used as the normal incident light. Periodic boundary conditions were adopted in both the x-and y-directions, and a perfect match layer was applied in both the top and bottom along the z-direction to minimize the reflection errors. A frequency domain power monitor was placed behind the simulated structure to monitor the transmission spectra. The simulations were performed in 3D and a mesh size of 5 nm was used in most of the region except a smaller mesh size of 2 nm was used around the plasmonic nanostructures. The size and distribution of the 3D multilayered plasmonic nanostructures were obtained from the SEM measurements. The dielectric constant of Au was obtained from CRC handbook and SU-8 polymer was assumed to 1.61 [30] .
Results and discussion
Reversal nanoimprint to uniformly stack multilayered nanostructures
Reversal nanoimprint technology was developed to produce uniform and reproducible 3D multilayered nanostructures by stacking of nanopillars. As shown in figure 1, UV exposure for 10 s at 45°C and 5 bar was applied to first crosslink the top SU-8 resist and prevent it from flowing into the bottom layer of SU-8 nanopillars. After crosslinking the top SU-8 layer, the imprint temperature and pressure were increased to provide uniform transfer of the top layer nanopillars to the bottom layer. No transfer occurred at lower temperature and pressure of 65°C and 10 bar because the top SU-8 layer was already crosslinked. Therefore, a higher pressure of 40 bar was necessary to increase the transfer yield. Under 40 bar, most of the top SU-8 nanopillars still stayed on the IPS stamp after unmolding due to poor adhesion between the top and bottom SU-8 nanopillars. Treating the polymer at higher temperature increased the adhesion between polymers [31] , so a higher temperature of 80°C was applied to enhance the adhesion between top and bottom SU-8 nanopillars, thus improving the transfer yield to 80% at 80°C and 40 bar. The residual layer was etched using 20/2 sccm O 2 /SF 6 , 20 mTorr, and 100 W. Figure 2 shows the micrographs of 3D multilayered plasmonic nanostructures. As shown in figure 2(a [18] . On the other hand, asymmetrical nanostructures generated Fano resonance and enhanced EM field, resulting in higher intensity than symmetrical nanostructures [32] . As shown in figures 3(c), 3D multilayered plasmonic nanostructures consisted of three different plasmonic layers, namely, top layer Au nanosquares, middle layer Au asymmetrical nanostructures, and bottom layer Au asymmetrical nanoholes, resulted in hybrid plasmonic coupling of these three plasmonic layers with enhanced EM field around the Au layers on the top, middle, and bottom. The EM field intensity around the Au structures formed 'hot-spots', which were sensitive to the changes of the effective RI of the surrounding microenvironment, while the 3D structures provided large plasmon sensing area. The EM field intensity and plasmon sensing area of 3D multilayered plasmonic nanostructures was higher and larger than 2D and quasi-3D plasmonic nanostructures, which could be used as LSPR biosensor with higher sensitivity than 2D and quasi-3D plasmonic nanostructures. Figure 4 (a) shows the simulated (black) and measured (red) extinction spectra for 3D multilayered plasmonic nanostructures with 50% offset. Three main resonance peaks at 583 (P1), 820 (P2), and 997 (P3) nm were observed in the simulated spectra, which matched well with the experimental results. To understand the hybrid plasmonic coupling of the top layer of Au nanosquares, middle layer of Au asymmetrical nanostructures, and bottom layer of Au asymmetrical nanoholes, 3D multilayered plasmonic nanostructures with different combinations of the top, middle, and bottom Au layers on stacked SU-8 nanopillars were simulated by the FDTD method. As shown in figure 4(b) , a weak resonance peak at 500 nm was present in the 3D structures without any Au layer because of light diffraction [33] . The 3D structures with top Au nanosquares and bottom Au asymmetrical nanoholes showed resonance peaks at 833 and 866 nm, respectively. Two resonance peaks at 539 and 976 nm were observable in the 3D structures with middle layer of Au asymmetrical nanostructures. Then, 3D structures with two different plasmonic layers were simulated to further investigate the hybrid plasmonic coupling effects and their influence in the three resonance peaks. For 3D structures with top and bottom Au layers, the resonance peak around 583 nm was absent, indicating that the resonance peak at 583 (P1) nm was due to the middle Au asymmetrical nanostructures. The hybrid plasmonic coupling of Au layers on top, middle, and bottom was responsible for the resonance peak at 820 (P2) nm because the 3D structures with top and middle or top and bottom Au layers showed a resonance peak around 820 nm. For 3D structures with middle and bottom Au layers, two resonance peaks at 600 and 910 nm appeared. In comparison with 3D structures containing the top Au layer, the 3D structures with middle and bottom Au layers resulted in redshifting the resonance peak to 910 nm, indicating that the resonance peak at 997 (P3) nm mainly arose from the hybrid plasmon coupling of Au layers in the middle and bottom. Therefore, the middle Au asymmetrical nanostructures generated the resonance peak at 583 (P1) nm, and the resonance peak at 820 (P2) nm came from the hybrid plasmonic coupling of Au layers on the top, middle, and bottom. The hybrid plasmonic coupling of middle layer Au asymmetrical nanostructures and bottom Au asymmetrical nanoholes was responsible for the resonance peak at 997 (P3) nm. Figure 5 shows the measured extinction spectra for 3D multilayered plasmonic nanostructures with (a) 31%, (c) 49%, and (e) 56% offset. Insets in (a), (c), and (e) show the micrographs of the corresponding structures. The sensitivity and resonance peak wavelength of the 3D multilayered plasmonic nanostructures could be tailored by varying the offset between the top and bottom SU-8 nanopillars. Certified RI liquids with different RI were used to measure their extinction spectra and sensitivities. As shown in figures 5(a), 3D multilayered plasmonic nanostructures with 31% offset showed three resonance peaks at 576, 820, and 1086 nm in liquid with RI of 1.305, and all resonance peaks were redshifted in liquid with increasing RI from 1.305 to 1.504. The measured sensitivities of the resonance peaks at 576 and 820 nm were 296 and 346 nm/RIU, respectively. The resonance peak at 1086 nm redshifted out of the detection range. With the nanopillar offset increasing from 31% to 49%, larger plasmonic area was obtained in middle Au asymmetrical nanostructures, and higher sensitivities of 346 and 397 nm/ RIU were obtained for resonance peaks at 587 and 820 nm, respectively, as shown in figure 5(c). Figure 5 (e) shows the normalized extinction spectra of 3D multilayered plasmonic nanostructures with 56% offset. The measured sensitivity for resonance peaks at 581 and 805 nm were 382 and 442 nm/ RIU, respectively. The figure of merit (FOM) for the 581 nm peak was as high as 9.5. In comparison with 3D multilayered plasmonic nanostructures that had 31% and 49% offsets, an offset of 56% generated higher sensitivities of 382 and 442 nm/RIU due to the larger plasmonic sensing area of the middle Au asymmetrical nanostructures, as shown in figure 5 (g). Figures 5(b), (d) , and (f) shows that the resonance peaks of the 3D multilayered plasmonic nanostructures with different offsets redshifted linearly when the RI of the surrounding medium was increased. As the resonance peaks shifted linearly with increasing RI from 1.305 to 1.504, it is expected that the detection sensitivity based on resonance peak shift will hold for small changes in analyte concentration. Previous studies showed that metal-dielectric-metal multilayer structures [34] and quasi-3D plasmonic nanostructures [18] could also generate multiple resonance modes in the 450-1100 nm region from plasmonic hybrid coupling of LSPR with SP polaritons and Fabry-Perot cavity mode, respectively. However, their maximum sensitivities were only up to 179 and 167 nm/RIU with low FOM less than 2, which may not be suitable for live cell detection at low concentration. An iso-Y shaped nanopillar was also engineered to detect biomolecules in visible and near-infrared region with sensitivity of 256 nm/RIU and FOM of 1.98 [35] . In contrast, the present 3D multilayered plasmonic nanostructures could improve the FOM to 9.5 and increased the sensitivity up to 442 nm/RIU compared to previously reported structures, Figure 6 shows the detection of live lung cancer A549 cell at different concentrations. As shown in the inset of figure 6(a) , a microfluidic channel with the 3D multilayered plasmonic nanostructures allowed live cell detection under a small sample volume of 2 μl. Three resonance peaks at 564, 802, and 1069 nm were observed for this microfluidic device in DMEM medium. All resonance peaks redshifted after live A549 cells at different concentrations were injected into the microfluidic channel and attached on the surface of the 3D multilayered plasmonic nanostructures. The intact morphology of A549 cells on 3D nanostructures was influenced by the size and spacing of SU-8 nanopillars. In this work, the diameter and spacing of the top SU-8 nanopillars were 200 and 335 nm, respectively. Although the A549 cell size was much larger than the nanopillars and their spacing, the extensions of microvilli with typical size of 100 nm and filopodia with diameter less than 300 nm from the A549 cells could fill in between the SU-8 nanopillars and resulted in the resonance peak shifts. For live A549 cells at high concentration of 5×10 5 cell ml −1 , resonance peaks at 564 and 802 nm were redshifted by 36 and 52 nm to 600 and 854 nm, respectively. There was no concentration enrichment for live A549 cell detection as the cells and DMEM medium were confined in the microfluidic platform with the plasmonic sensors. Unlike the detection of dry cancer cells in air, the integration of microfluidic channel with 3D multilayered plasmonic nanostructures could monitor the growth of cancer cells in a suitable culture environment, which was helpful for investigating the response of cancer cells to culture environment and therapy. The detection of live cancer cells was difficult than dry cancer cells because the RI difference between DMEM medium and live cancer cells was much lower than air and dry cancer cells [36] . Figure 6(b) shows that the detection range for live A549 cells was 5×10 3 -5× 10 5 cell ml −1 . The large peak shift of 3D multilayered nanostructures at live A549 cells of 5×10 3 -5×10 5 cell ml −1 was useful for cancer therapy study, because the interaction of cancer cells and natural killer cells in confinement region could be dynamic monitored without using complex, expensive and time consuming confocal microscopy [37] . The fluorescent micrographs of live lung cancer A549 cells on 3D multilayered plasmonic nanostructures were shown in figure 6(c). Figure 6(d) shows the peak shift as a function of immobilization time for live A549 cells with a concentration of 2×10 4 cell ml −1 . As shown in figure 6(d) , the live A549 cells started to adhere on the surface of the 3D multilayered plasmonic nanostructures after 2 h and the peak shift was stable after 4 h. In comparison, colloidal Au NPs could only detect cell concentrations above 7.5×10 5 cell ml −1 and it required a large sample volume of 200 μl [38] . Au nanoislands with nickel doped graphene was used previously to detect 3-nitroltyrosine biomarkers with a detection limit of 0.13 pg ml −1 in phosphate buffered silane solution [39] . However, the uniformity, size, and morphology of these Au nanoislands were difficult to control and the detection sensitivity was limited to 100 nm/RIU [40] . Au nanoparticle based LSPR biosensor integrated with microfluidics showed sensitivity of 120 nm/RIU and detected liver cancer antibody at a concentration of 25 ng ml −1 [41] . 50 μl anti-human IgG with concentration of 1.5 μg ml −1 could be detected by 3D Au nanocups with a peak shift of 16.8 nm and sensitivity of 195 nm/RIU [42] . The 3D multilayered plasmonic nanostructures with 56% offset between the nanopillars showed higher sensitivity up to 442 nm/RIU, could detect low concentration live cancer cells down to 5×10 3 cell ml −1 using a small sample volume of 2 μl. Therefore, this 3D multilayered LSPR biosensor could be used as a high performance detector for low concentration live cell monitoring.
RIS as function of offset between top and bottom SU-8 nanopillars
Resonance peak shift as function of complementary DNA target concentration
The resonance peak shift was related to the changes in the effective RI of the surrounding microenvironment of the 3D multilayered plasmonic nanostructures, which could be described as:
where S is the RIS, Δn is the RI difference between the adsorbate and the surrounding medium, t is the effective adsorbate thickness, and l d is plasmon decay length. Due to the evanescent character of the localized surface plasmon modes, the effective sensitivity and sensing depth were limited to the range of plasmon decay length. The RIS was influenced by the size, shape, and material of the 3D plasmonic nanostructures [43] . The effective adsorbate thickness was calculated based on the plasmon decay length. The sensitivity of 3D plasmonic sensors in response to RI changes induced by adsorbate layer will decrease exponentially if the thickness of the layer is larger than the plasmon decay length [44] . To increase sensitivity, it is desirable to have larger effective adsorbate thickness for larger peak shift. For 2D plasmonic nanostructures, their l d was typically tens of nanometers and it became ∼100 nm for quasi-3D plasmonic nanostructures due to the hybrid coupling of the LSPR and Fabry-Perot cavity modes [33] . For 3D plasmonic nanostructures, the introduction of asymmetrical plasmonic layers could result in dark mode resonance with longer l d and higher FOM, which are useful for biomolecule detection with high sensitivity [45] .
In comparison with cell detection where the typical cell size is 10-20 μm, DNA hybridization could be more easily detected by the 3D multilayered plasmonic nanostructures since DNA molecules are smaller in size and they could occupy most of the sensing area in three plasmonic layers. Figure 7 (a) shows the schematic for DNA hybridization detection as the 3D multilayered plasmonic nanostructures were first bound with the thiol-modified probe DNA. The complementary target DNA could specifically hybridize with the probe DNA and resulted in a resonance peak shift because of the increased effective RI on 3D multilayered plasmonic nanostructures due to DNA hybridization. The non-complementary DNA could not hybridize with the probe DNA and will not affect the resonance peak. Figure 7 (b) shows the normalized extinction spectra of the 3D multilayered plasmonic nanostructures with 56% offset and with probe and complementary target DNA of 10 −10 and 10 −7 M. All resonance peaks were redshifted after capturing the complementary target DNA. Figure 7 (c) shows the peak shifts as function of complementary target DNA concentration. The international union of pure and applied chemistry method was used to calculate the limit of detection with the numerical factor set to three [46] . As shown in figure 7(c) , the resonance peaks were redshifted linearly for target DNA concentration between 10 −13 and 10 −8 M and the detection limit was calculated to be 7×10 −14 M. For larger concentration of complementary target DNA, the peak shift increased and a large peak shift of 82 nm was obtained with 10 −7 M of the complementary target DNA. Therefore, the 3D multilayered plasmonic biosensor could be used to detect the complementary target DNA with a large concentration range of 10 −14 -10 −7 M. A large peak shift could be achieved because of the higher sensitivity and larger plasmonic sensor area of the 3D plasmonic nanostructures.
Conclusions
3D multilayered plasmonic nanostructures with Au nanosquares on the top, Au asymmetrical nanostructures in the middle, and Au asymmetrical nanoholes at the bottom were fabricated using RNIL. The 3D multilayered plasmonic nanostructures showed higher EM field intensity and larger plasmon sensing area than 2D and quasi-3D plasmonic nanostructures. Thus, the 3D structures are promising as high sensitivity LSPR biosensors. The sensitivity and resonance peak wavelength of the 3D multilayered plasmonic biosensor were tunable by changing the offset between the top and bottom SU-8 nanopillars from 31% to 56%, and the highest sensitivities of 382 and 442 nm/RIU were obtained for resonance peaks at 581 and 805 nm, respectively. Resonance peak shifts of 36 and 52 nm for live A549 cells at 5×10 5 cell ml −1 occurred in the visible and near-infrared region and the detection range was 5×10 3 -5×10 5 cell ml −1 . The 3D multilayered plasmonic biosensor also had the advantages of detecting DNA hybridization at low concentration because of their larger plasmonic sensing area and enhanced EM field intensity from the hybrid plasmonic coupling of the Au layers on the top, middle, and bottom. The detection range for DNA hybridization was 10 −14 -10 −7 M complementary target DNA, and large peak shift of 82 nm was observed for capturing 10 −7 M complementary target DNA.
